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Abstract. This study estimated the effects of projected varia-
tions in precipitation and temperature on snowfall-snowmelt
processes and subsequent river discharge variations in the
Tagliamento River in Italy. A lumped-parameter, non-linear,
rainfall-runoff model with 10 general circulation model
(GCM) scenarios was used. Spatial and temporal changes
in snow cover were assessed using 15 high-quality Landsat
images. The 7Q10 low-ﬂow probability distribution approx-
imated by the Log-Pearson type III distribution function was
used to examine river discharge variations with respect to cli-
mate extremes in the future. On average, the results obtained
for 10 scenarios indicate a consistent warming rate for all
time periods, which may increase the maximum and mini-
mum temperatures by 2.3 ◦C (0.6–3.7 ◦C) and 2.7 ◦C (1.0–
4.0 ◦C), respectively, by the end of the 21st century com-
pared to the present climate. Consequently, the exponential
rate of frost day decrease for 1 ◦C winter warming in lower-
elevation areas is approximately three-fold (262%) higher
than that in higher-elevation areas, revealing that snowfall in
lower-elevation areas will be more vulnerable under a chang-
ing climate. In spite of the relatively minor changes in an-
nual precipitation (−17.4∼1.7% compared to the average
of the baseline (1991–2010) period), snowfall will likely de-
crease by 48–67% during the 2080–2099 time period. The
mean river discharges are projected to decrease in all sea-
sons, except winter. The low-ﬂow analysis indicated that
while the magnitude of the minimum river discharge will in-
crease (e.g. a 25% increase in the 7Q10 estimations for the
winter season in the 2080–2099 time period), the number of
annual average low-ﬂow events will also increase (e.g. 16
and 15 more days during the spring and summer seasons,
respectively, in the 2080–2099 time period compared to the
average during the baseline period), leading to a future with a
highly variable river discharge. Moreover, a consistent shift
in river discharge timing would eventually cause snowmelt-
generated river discharge to occur approximately 12 days
earlier during the 2080–2099 time period compared to the
baseline climate. These results are expected to raise the con-
cern of policy makers, leading to the development of new
water management strategies in the Tagliamento River basin
to cope with changing climate conditions.
1 Introduction
Observed and projected increases in temperature and precip-
itation variability are perhaps the most inﬂuential climate-
driven changes to impact water systems (Parry et al., 2007).
Such changes in high-elevation areas are likely to be more
profound than others (Beniston, 2005). In mountainous ar-
eas, precipitation largely occurs as snow during the winter,
which accumulates on the ground until adequate solar energy
is available to start the melting process in spring and summer.
This melting water sustains the river level downstream when
rainfall decreases and when demand is high. The increasing
temperature and variations in precipitation patterns evidently
alter the mountain hydrology in many ways. Higher temper-
atures cause snow and glaciers to melt at faster rates (Schnee-
berger et al., 2003) and precipitation to fall more often as rain
than as snow (Beniston et al., 2003). The subsequent impacts
include, but are not limited to, seasonal shifts in stream ﬂows
(Zion et al., 2011), an increase in the ratio of winter to an-
nual ﬂows (Stewart, 2009), a reduction in low ﬂows during
spring and summer (Miller et al., 2003), increased risks of
landslides (Kawagoe et al., 2009) and ﬂoods (EEA, 2009), a
lack of water resources for water supply systems (Matonse et
al., 2011) and hydro-power generation (Schaeﬂi et al., 2007)
and challenges to the tourist industry (Beniston, 2003).
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Fig. 1 a) Catchment area representative of the Venzone water discharge measuring station 
and the distribution of meteorological stations within the study area. b) NDVI composition of 
the catchment area derived from Landsat images taken on 29 July 2002.   
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Fig. 1. (a) Catchment area representative of the Venzone water discharge measuring station and the distribution of meteorological stations
within the study area. (b) NDVI composition of the catchment area derived from Landsat images taken on 29 July 2002.
The Alps, commonly known as the water tower of Europe,
are among the mountains threatened by dramatic changes in
water cycle mainly attributed to climate change. Alpine cli-
mates have undergone signiﬁcant change over the past cen-
tury. According to Beniston (2005), the warming experi-
enced in the Swiss Alps in the 20th century has resulted in a
more than 1.5 ◦C increase in annual average air temperature,
which is approximately a three-fold ampliﬁcation in compar-
ison to the global average warming during the same period
(Diaz and Bradley, 1997). Further investigation has revealed
that increases in the minimum temperature were as high as
2 ◦C in the European Alps during the 20th century, with a
modest increase in the maximum air temperature and a slight
trend in precipitation anomalies (Beniston, 2000). Based on
44yr climatic records (1958–2002), Durand et al. (2009) re-
ported that temperatures in the French Alps are rising in the
spring but falling in autumn. In particular, the late winter
and early summer temperatures during recent years have re-
mained high. Consequently, from 1850 to 1980, retreating
glaciers in the European Alps have lost approximately 30 to
40% of their surface area and approximately 50% of their
original volume (Haeberli and Beniston, 1998). The climate
models under the A1B scenario have projected a 2.2 to 5.1 ◦C
annual mean warming in the Alps by 2080–2099 compared
to the annual average temperature in 1980–1999, concluding
that changes in the hydrological cycle and associated ecosys-
tems in the future may be more profound than ever (Liggins
et al., 2010).
Even though climate changes had dramatic impacts dur-
ing the 20th century in the Alpine region, the Tagliamento
River in Italy, which is considered the last morphologically
intactriverintheAlps, hasnotsuffereddrasticmodiﬁcations.
However, because changes in the future climate are projected
to be more intense, many concerns have been raised regard-
ing the potential burden that may be imposed on hydrological
processes in the Tagliamento valley. Thus, the objective of
this study was to evaluate the potential climate change effects
on the availability of future water resources in the Taglia-
mento River. The predictions of this study are expected to
raise the concerns of policy makers, leading to the develop-
mentofsustainablewatermanagementpracticestocopewith
a changing climate.
2 Methodology
2.1 Study area
The Tagliamento River in northeastern Italy ﬂows from the
Italian Alps to the Adriatic Sea. The area of interest covers
1935km2 fortheVenzonewaterdischargemeasuringstation,
with elevations ranging from 370m at the catchment outlet to
2600m in the northeastern Alpine areas (Fig. 1a). The study
area is covered with a dense weather station network, which
includes 11 meteorological stations (approximately one sta-
tion per 175km2), with daily observations covering the past
31yr (1980–2010). The seasonal snow cover begins to accu-
mulate in late November or early December, and snowmelt
typically commences at the end of March or the beginning
of April. Low river discharge generally occurs in the win-
ter when most precipitation accumulates as snow. A sus-
tained period of high ﬂows prevails during the spring (late
April to early June), resulting from the melting of the win-
ter snowpack. The river discharge gradually declines from
early summer, when the evapotranspiration demand is high
and after snow disappears from the catchment. The one-
hour river discharges averaged daily from January 2008 to
September 2009 were used for the analysis.
According to the meteorological records from 1980 to
2010, the annual average temperature near the catchment
outlet was approximately 10.9 ◦C, and the temperature de-
creased with elevation at an average rate of 4.2 ◦C per
1000m. The mean daily temperature remained below 0 ◦C
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Fig. 2 Tank model structure for runoff estimations. 
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Fig. 2. Tank model structure for runoff estimations.
for an average of 21daysyr−1 near the catchment outlet,
and for 36daysyr−1 upstream of the catchment (at Forni
Avoltri station, at 888ma.s.l.). The daily average winter
(December–February) temperature was close to the melt-
ing point (2.1 and 1.0 ◦C near the catchment outlet and at
Forni Avoltri station, respectively), which may adversely af-
fect seasonal snow cover changes under a changing climate.
When records from all meteorological stations were consid-
ered, warming trends were evident on decadal and longer
time-scales. For example, during the 2000–2009 period, the
average daily minimum temperature for all of the recording
stations increased by 0.57–2.47 ◦C in comparison to the av-
erage during 1980–1989. Similarly, the average daily max-
imum temperature over the 2000–2009 period increased by
0.09–1.8 ◦C compared to the average for 1980–1989. Both
the maximum and minimum temperatures showed positive
trends throughout all seasons. In particular, the temperature
from late winter to early summer remained high.
The rate of increasing precipitation with elevation is un-
clear due to the effect of local topography on precipitation
processes in mountainous climates. Therefore, the daily pre-
cipitation was averaged using the Thiessen polygon method
(Zion et al., 2011). According to the annual precipitation
from 2006 to 2010, two distinct pluvial zones can be iden-
tiﬁed: (1) the northern catchment area, with a mean annual
precipitation ranging from 1500 to 1800mm, and (2) the
Alpine foreland area, with a mean annual precipitation rang-
ing from 1900 to 2900mm. In general, the annual precip-
itation at all stations is increasing slightly (0–24mmyr−1),
and snow precipitation trends follow the temperature change.
Here we used frost day as an indicator for determining water
resources impacts. Among various deﬁnitions, we consid-
ered the frost day as a day with an average temperature below
0 ◦C (Salinger and Grifﬁths, 2001). As a result, the number
of frost days during 1980–2010 decreased by approximately
10–13days for each 1 ◦C of winter warming.
According to the land use percentages derived from Land-
sat imaging for 29 July 2002 (Fig. 1b), the land cover in the
catchment is dominated by forest (77% of the land area has
an NDVI higher than 0.1). There is some agriculture, and
to a lesser extent, some scattered developments are located
along the river valley, which represent less than 12% of the
total catchment area (areas with NDVI values from −0.1 to
0.1). The geology of the catchment area mainly consists of
limestone and ﬂysch, which is occasionally intermixed with
layers of gypsum (Tockner et al., 2003).
2.2 Model for river discharge simulation
The tank model proposed by Sugawara (1995) is a lumped-
parameter, non-linear, rainfall-runoff model composed of
one or several tanks (Fig. 2). The coefﬁcients used to rep-
resent different hydrological processes (surface and subsur-
face runoff and inﬁltration) are generally obtained by match-
ing observed and simulated data. The difference in mag-
nitude of these coefﬁcients in different catchments reﬂects
the geographical features of the watersheds. In addition to
the use of the tank model in many studies for runoff simula-
tions (e.g. Yokoo et al., 2001; Hashino et al., 2002, Cooper et
al., 2007), similar concepts have been applied to water qual-
ity (Maeda and Bergstrom, 2000) and geothermal (Tureyen
and Akyap, 2011) studies. In the simulation, glacier and
snow-melt treated as a single water body, summed up with
the rainfall and put in the ﬁrst tank at the top (Kite, 1991).
Evapotranspiration is directly subtracted from the top tank
(Hashino et al., 2002). Among the four tanks in the model,
the ﬁrst tank at the top accounts for rapid runoff near the
ground surface, and the second tank models the shallow sub-
surface runoff process. The other two tanks at the bottom
retain the surplus water from the two top tanks before pro-
ducing direct runoff. This phenomenon represents the hy-
drological role of deep aquifers, which accumulate the in-
ﬁltrating water from the ground surface and release it down-
stream with certain time delays. A representative mathemati-
cal model for the water exchange between the tanks and daily
runoff generation can be found in Appendix A.
A temperature-based method was applied to separate pre-
cipitation into rain and snow. If the daily minimum temper-
ature (Tmin) is larger than the threshold temperature (2 ◦C in
this study), then all precipitation is considered as rain. If the
maximum temperature (Tmax) is smaller than the threshold
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temperature, then all precipitation is assumed to occur as
snow. When the threshold temperature is between the mini-
mum and maximum temperatures, the rainfall amount (Prain)
is estimated as a proportion of the total precipitation (Ptotal)
as follows (Leavesley et al., 1983; Zion et al., 2011).
Prain =
Tmax−2.0
Tmax−Tmin
×Ptotal (1)
The snow pack for the present day (Snowd) in the catch-
ment was updated with the snow pack for the previous day
(Snowd−1), the snowfall for the present day (Psnowd) and the
snowmelt for the present day (Smeltd) as follows.
Snowd =Snowd−1+Psnowd−Smeltd (2)
The snowmelt was assumed to be a function of the mean air
temperature of the day (Tavg) and was estimated using the
degree-day method.
Smeltd =K×
 
Tavg−0

for Tavg >0 (3)
where K is a calibrated melt coefﬁcient and
Tavg =
Tmin+Tmax
2
(4)
Only one parameter must be estimated, and thus, this method
is simple to apply in climate change studies. Due to the
higher level of uncertainties incorporated in the general cir-
culation model (GCM) output (e.g. temperature, precipita-
tion, humidity), the use of many climatic parameters for im-
pact predictions eventually increases the uncertainty of the
ﬁnal output (Salathe et al., 2007). The Hargreaves equa-
tion (Hargreaves and Samani, 1985), which is one of the
most widely used temperature-based formulas, was used to
estimate the reference evapotranspiration (ET0).
ET0 =
0.0023
λ

Tmax+Tmin
2
+17.8

×
p
Tmax−Tmin×Ra (5)
where Ra (MJm−2 d−1) is the extra-terrestrial solar radiation
and λ is the latent heat of vaporization (2.45MJm−2 d−1).
2.3 Remote sensing technique for identiﬁng different
snowfall-snowmelt elevation bands
Elevation is an important parameter governing the snowfall-
snowmelt processes in mountainous areas. Considering the
1700m elevation difference between the catchment outlet
and the northeastern crest and a temperature lapse rate (the
rate of temperature decrease with elevation) of approxi-
mately 0.004 ◦Cm−1, we can expect a temperature differ-
ence of approximately 7 ◦C between the upstream and down-
stream catchment areas. Therefore, the spatial and tempo-
ral variations of the snowfall-snowmelt processes due to ele-
vation are of prime importance for accurate river discharge
simulations. Fontaine et al. (2002) incorporated the ele-
vation difference effect in a semi-distributed hydrological
model by introducing up to 10 elevation bands within each
sub-basin. Zhang et al. (2008) showed that use of the el-
evation band method, including the temperature lapse rate
in a catchment with a dense weather station network, pro-
vides discharge simulation almost as good as a complex en-
ergy budget model. In this study, the temporal and spa-
tial variations of the glacier- and snow-covered areas in the
basin were determined using satellite data. Landsat TM and
ETM+ images obtained from 2001–2003 were selected at a
30m grid resolution in such a way that the maximum cloud
cover was always less than 15%. To represent the tempo-
ral changes in snow cover, 15 Landsat images covering each
season were collected. In the Landsat images, the glacier
and snow spectral values are grouped as 255, 145–255, 191–
255, 116–217, 20–31 and 3–18 in bands (TMs) 1–5 and 7
(Erdenetuya et al., 2006). In the initial stage, these spectral
ranges were used as a reference for snow and glacier classiﬁ-
cation. For the next step, the band combination method was
used to extract the snow and glacier areas. Three band com-
binations, 3,2,1; 4,3,2; and 5,4,3 were compared with each
other to identify areas with similar land classes. To distin-
guish glacier and snow from similarly bright soil, rocks and
clouds, the normalized difference snow index (NDSI) was
also applied (Eq. 11).
NDSI=
(TM2−TM5)
TM2+TM5
(6)
Altogether, 7 elevation bands with a maximum elevation dif-
ference of 300m were identiﬁed. The average elevation of a
particular band was multiplied by the temperature lapse rate
to derive the representative temperature of the elevation band
and further used to determine the snowfall percentage and
snowmelt rate.
2.4 Multi-model ensembles for climate projections
The Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4) provides a set of GCMs
that are commonly used to assess the impacts of a chang-
ing climate. Although these models produce output for a
commonsetofexperiments, uncertaintiesinpredictionsarise
fromdifferencesingridresolutions, modelstructuresandini-
tial conditions. Therefore, reliable impact assessments re-
quire multi-model ensembles with several scenarios that best
reﬂect a range of possible future climate change (Salathe et
al., 2007). Nevertheless, the direct use of the GCM output is
hampered by its coarse spatial resolution.
In this study, the results of four GCMs along with 3
scenarios, producing 10 climate change scenarios in three
time periods (the short-term climate (2011–2030), the mid-
term climate (2046–2065) and the long-term climate (2080–
2099)), were used (Table 1). The spatial mismatch between
the GCMs and the resolution needed for impact assessment
wasresolvedbyapplyingastatisticaldownscalingtechnique.
The stochastic weather generator (WG), which is commonly
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Table 1. Details of the GCMs and scenarios used in this study. The three time periods represent climate predictions in the short-term climate
(2011–2030), the mid-term climate (2046–2065) and long-term climate (2080–2099).
Model Model acronym Country Grid resolution Emissions scenarios Time periods
CSIRO-MK3.0 CSMK3 Australia 1.9×1.9◦ A1B, B1
2011–2030, MRI-CGCM2.3.2 MIHR Japan 2.8×2.8◦ A1B, B1
2046–2065, HadCM3 HADCM3 UK 2.5×3.75◦ A1B, A2, B1
2080–2099 PCM CCSM3 NCCCS USA 1.4×1.4◦ A1B, A2, B1
Details about GCMs and emission scenarios can be found in: http://www.cics.uvic.ca/scenarios/index.cgi?More Info-Emissions.
used for downscaling, was used to link GCM model parame-
ters with corresponding observations at the local scale (Se-
menov and Stratonovitch, 2010). Observed daily weather
data for 1980–2010 were used in the WG model to determine
probability distributions and any possible correlations. In
this method, the cumulative probability distributions of dry
and wet series, daily precipitation and minimum and maxi-
mum temperatures are deﬁned by a semi-empirical distribu-
tion with 23 intervals. A wet day is deﬁned as a day with
precipitation >0.0mm. When generating climate scenarios,
the estimated cumulative probability function obtained from
observations is adjusted by the relative change in magni-
tude of the corresponding parameter predicted by the future
GCM scenario. Moreover, to determine whether the simu-
lated data preserve statistical characteristics similar to those
of the true long-term observations, model performances were
assessed using the Chi-squared goodness-of-ﬁt test, and the
means and standard deviations were analyzed using t- and
F-tests (detailed information can be found in Semenov and
Stratonovitch, 2010).
2.5 Low-ﬂow analysis
As recommended by the United States Environmental Pro-
tection Agency (USEPA), the 7Q10 low-ﬂow index has been
widely used to determine climate change impacts on river
discharge (Kroll and Vogel, 2002; Matonse et al., 2011; Ryu
et al., 2011). The USEPA (2009) deﬁnes 7Q10 ﬂow as the
lowest 7-day average discharge that occurs once every 10yr.
The probability distribution of the low-ﬂow time series is ap-
proximated by the Log-Pearson type III distribution function
(Reilly and Kroll, 2003; Ames, 2006). Three parameters are
need for this distribution function, and they were estimated
by ﬁtting the natural logs of data to the Pearson type III dis-
tribution function (more details in Ames, 2006). Because the
estimation from the 7Q10 method represents the minimum
river discharge over a certain time period (generally longer
than a decade), such analysis can provide useful informa-
tion for long-term river basin management perspectives un-
der changing climate conditions. Here, we developed low-
ﬂow statistics using the 1991–2010 period (baseline) and the
short-term climate, mid-term climate and long-term climate
time series.
3 Results and discussion
3.1 Spatial and temporal changes in snow cover
To understand the seasonal pattern of snow and glacier cover
variation, Landsat images were analyzed using the band
combination method and arithmetic operations of the NDSI
index. Figure 3 depicts the discriminated glacier and snow
area during intense snowfall (15 February) and snow-free
(26 August) time periods. Snow and glacier areas mapped by
the 5, 4, 3 band combination method are shown in light blue
(Fig. 3b), and those for the NDSI-index-generated scenes are
shown in white (Fig. 3a). The output from the band com-
bination method and the NDSI index reveals that snowmelt
begins in the low-elevation areas of the catchment, where,
the snow cover is generally thin and the air temperature is
high. Subsequently, as the temperature increases from win-
ter to summer, the melt continues to the upper part of the
catchment. Figure 4a shows the temporal changes in snow
cover for the study area. The seasonal snow cover tends to
disappear at a faster rate during warmer climatic conditions
(March–June), followed by a slow depletion under a colder
temperature regime (December–February). It was estimated
that, on average, approximately 46% of the basin is covered
with snow and glacier from December to February, which
decreases to less than 5% for July to September. According
to Fig. 4b, the snow cover change follows the trend of tem-
perature variation in the catchment. Once the air temperature
passes the 0 ◦C threshold, the snow cover area begins to be
depleted at a rate of 15157×exp−0.32(Team), which is almost
constant until the end of May. The substantial melting rate
of winter snowpack during this period contributes to a sus-
tained period of high river ﬂows during the spring and early
summer.
Figure 5 depicts the observed and simulated river dis-
charges at the Venzone gauge station. The simulated water
discharges are in agreement with the corresponding obser-
vations, with a Nash-Sutcliff coefﬁcient greater than 0.75.
According to Fig. 5, comparatively higher river ﬂow can be
observed during spring (March–May). The total river dis-
charge in this period accounted for approximately 25% of
the annual river discharge. However, the precipitation in this
period is comparatively small, contributing less than 12% of
www.hydrol-earth-syst-sci.net/16/1033/2012/ Hydrol. Earth Syst. Sci., 16, 1033–1045, 20121038 L. N. Gunawardhana and S. Kazama: A water availability and low-ﬂow analysis
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Glacier and snow cover area during two time periods; a) from NDSI index and b) from 
band combination method. 
 
a)    August-26  b)  February-15 
Fig. 3. Glacier and snow cover area during two time periods; (a) from band combination method and (b) from NDSI index.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 a) Temporal changes in snow and glacier cover. b) Variations in snow and glacier 
cover with respect to the three-day mean temperature averaged for all meteorological stations.     
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Fig. 4. (a) Temporal changes in snow and glacier cover. (b) Variations in snow and glacier cover with respect to the three-day mean
temperature averaged for all meteorological stations.
the annual precipitation. As a result, according to our simu-
lations, approximately 53% of the river discharge during the
spring season is generated by snowmelt.
3.2 Precipitation, snowfall and air temperature under a
changing climate
To assess the temporal variations resulting from a changing
climate, the relative changes in climate parameters for three
future time periods were compared with those of the baseline
period. Figure 6 shows the changes in the monthly average
maximum and minimum temperatures at the Forni Avoltri
meteorological station, which is 888ma.s.l. (Fig. 1). Based
on 10 model scenarios, the annual mean warming from the
baseline climate for the short-term climate varies from −0.3
to 0.3 ◦C and from −0.1 to 0.6 ◦C, with an average of 0.1
and 0.3 ◦C for the minimum and maximum temperatures, re-
spectively. However, the magnitude of warming signiﬁcantly
increases for the later time periods. For example, the an-
nual mean warming averaged over 10 scenarios for the long-
term climate is as high as 2.3 ◦C (0.6 to 3.7 ◦C) for the mini-
 
 
 
Fig. 5 Observed and simulated daily averaged river discharge at the Venzone station 
 
Fig. 5. Observed and simulated daily averaged river discharge at
the Venzone station.
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Fig. 6 The change in monthly average minimum and maximum temperatures compared to 
temperatures of the baseline time period. The box-plots represent the interquartile range for 
the 25
th and 75
th percentiles from all 10 scenarios. The solid line represents the average of 10 
scenarios.  
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Mid-term climate (2046-2065)  Mid-term climate (2046-2065) 
Long-term climate (2080-2099)  Long-term climate (2080-2099) 
Fig. 6. The change in monthly average minimum and maximum temperatures compared to temperatures of the baseline time period. The
box-plots represent the interquartile range for the 25th and 75th percentiles from all 10 scenarios. The solid line represents the average of 10
scenarios.
mumtemperatureand2.7 ◦C(1.0to4.0 ◦C)forthemaximum
temperature.
When seasonal changes in temperature are considered, all
model scenarios show a generally similar trend of warming
for the three time periods. The warming from the middle of
summer to the middle of autumn (June–October) is always
higher and more persistent than in the other months for all
three future time periods. These results are consistent with
the ﬁndings of the earlier project (STARDEX, 2002), which
reported the potential for strong temperature increase in sum-
mer in Northern Italy. The most consistent and greatest
warming occurs in September, when the HADCM3-A2 sce-
nariopredictsawarmingof1.1–5.2 ◦Cfortheminimumtem-
peratureand1.7–5.5 ◦Cforthemaximumtemperatureforthe
long-term climate compared to the baseline time period. On
average, the winter temperature increases from 1.0 to 3.8 ◦C
for the minimum temperature and from 1.2 to 4.1 ◦C for the
maximum temperature for the long-term climate compared
to the baseline time period. This persistent increase in winter
temperature could signiﬁcantly reduce the snowfall amount.
For example, the average number of frost days per year (days
with an average temperature below 0 ◦C) ranges from ap-
proximately 18 downstream (Cedarchis meteorological sta-
tion (Fig. 1), at approximately 402ma.s.l.) to approximately
52 upstream of the study area (Forni Avoltri meteorologi-
cal station, at approximately 888ma.s.l.) during the baseline
time period. According to the averaged predictions from 10
scenarios, for a 2.5 ◦C increase in winter temperature at the
ForniAvoltrimeteorologicalstation, thenumberoffrostdays
is likely to decrease by 35days. In lower elevations, the re-
duction is expected to increase by more than the amount esti-
mated for higher-elevation areas. For example, Fig. 7 shows
the change in the number of frost days with winter temper-
ature as predicted by 10 GCM scenarios from the baseline
and the three future time periods. According to these re-
sults, the number of frost days decreases exponentially as the
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Fig. 7 The change in number of frost days with daily average winter temperature a) at the 
Forni Avoltri station and b) at the Cedarchis station. Each data point in the graph represents 
the number of frost days predicted by a certain scenario within a certain time period. 
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Fig. 7. The change in number of frost days with daily average winter temperature (a) at the Forni Avoltri station and (b) at the Cedarchis
station. Each data point in the graph represents the number of frost days predicted by a certain scenario within a certain time period.
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Change in monthly precipitation and snowfall compared to the baseline time period. 
The box-plots represent interquartile ranges for the 25
th and 75
th percentiles from all 10 
scenarios. The solid line represents the average of 10 scenarios.  
 
 
   
   
   
Near-climate (2011-2030)  Near-climate (2011-2030) 
Mid-term climate (2046-2065)  Mid-term climate (2046-2065) 
Long-term climate (2080-2099)  Long-term climate (2080-2099) 
Fig. 8. Change in monthly precipitation and snowfall compared to the baseline time period. The box-plots represent interquartile ranges for
the 25th and 75th percentiles from all 10 scenarios. The solid line represents the average of 10 scenarios.
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Fig. 9 Results of river discharge predictions for the long-term climate. a) Changes in monthly 
average river discharge compared to the baseline time period. b) 7Q10 low-flow discharge 
compared to the baseline time period. c) Relative frequency of daily precipitation compared 
to the baseline time period. d) Number of days with river water discharge lower than the 
7Q10 estimation for the baseline time period. The whiskers represent the interquartile range 
for the 25
th and 75
th percentiles from all 10 scenarios. The solid line represents the average of 
10 scenarios.  
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Fig. 9. Results of river discharge predictions for the long-term climate. (a) Changes in monthly average river discharge compared to the
baseline time period. (b) 7Q10 low-ﬂow discharge compared to the baseline time period. (c) Relative frequency of daily precipitation
compared to the baseline time period. (d) Number of days with river water discharge lower than the 7Q10 estimation for the baseline time
period. The whiskers represent the interquartile range for the 25th and 75th percentiles from all 10 scenarios. The solid line represents the
average of 10 scenarios.
winter temperature increases. Notably, the rate of frost day
decrease in the lower-elevation area (Cedarchis area, with a
1.32 rate) is 262% higher than that in the higher-elevation
area (Forni Avoltri area, with a 0.50 rate). Consequently, the
daily average temperature in the lower-elevation area may
only rarely fall below 0 ◦C during the 2080–2099 time pe-
riod, which in turn will have serious effects on snowfall and
snow cover melt.
Changes in the precipitation patterns with respect to mag-
nitude and phase (snow or rain) may have an even greater
impact than surface air temperature warming on the hydro-
logical processes of a river basin. According to Fig. 8, the
annual mean precipitation (rainfall+snowfall) change from
the baseline time period to the short-term climate is −1.8%
to 3.3%, with only a minor change when averaging all model
scenarios (0.6%). However, the mid-term climate predic-
tions depict a modest change in the annual mean precipita-
tion (−12.2% to 4.5% change compared to the baseline pe-
riod), and by the end of the 21st century (long-term-climate),
the corresponding changes become signiﬁcant (−17.4% to
1.7% change compared to the baseline period average).
Almost all of the models and scenarios analyzed (90%)
show a decrease in winter precipitation for all time periods.
Despite the increasing winter precipitation in some months
(e.g. February), a signiﬁcant reduction in snowfall can be
expected due to warmer winter temperatures. For exam-
ple, for 1.1–4.0 ◦C winter warming in the long-term climate,
snowfall will likely decrease by 48–67% compared to that in
the baseline time period. The modest increase in the mean
monthly precipitation during May (40%), September (23%)
and October (17%) in the short-term climate gradually de-
clinesby50%forthemid-termclimate(24%, 12%and10%
for May, September and October, respectively) and is further
reduced to a negative change in the long-term climate (0.6%,
−5% and −22% for May, September and October, respec-
tively). Similarly, for all other months, the magnitude of the
monthly mean precipitation change decreases with time from
the present climate until end of the 21st century.
3.3 Future river discharge predictions and the results of
low-ﬂow analysis
The warming climate projected by the 10 scenarios will en-
hance the evapotranspiration rate and the proportion of liquid
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Fig. 10 Shift in river discharge timing in the future compared to baseline climate conditions. 
The whiskers represent the interquartile range for the 25
th and 75
th percentiles from all 10 
scenarios. The solid line represents the average of 10 scenarios. 
 
Fig. 10. Shift in river discharge timing in the future compared to
baseline climate conditions. The whiskers represent the interquar-
tile range for the 25th and 75th percentiles from all 10 scenarios.
The solid line represents the average of 10 scenarios.
to solid precipitation. These potential changes in precip-
itation amount and seasonality demonstrate that the accu-
mulated impact of climate change may have serious con-
sequences on water availability in the Tagliamento River.
The seasonal change in river discharge is signiﬁcant for all
months in all three future time periods except from winter
to early spring (December–March). In general, the reduc-
tions in river discharge are comparatively small in the short-
term climate but become signiﬁcant in the long-term climate
conditions. Figure 5a shows the change in daily average
monthly discharge as predicted by 10 scenarios in compar-
ison with the discharge for the baseline time period. River
dischargeispredictedto dropsigniﬁcantlyduringtheautumn
season (September–November), which is mainly attributed
to the predicted warming and precipitation reduction in the
future climate (representing the highest changes in compar-
ison to the other seasons, as shown in Figs. 6 and 8). For
example, the highest reduction will occur in October, with a
value approximately 59% lower than the river discharge in
the baseline climate. In spite of the signiﬁcant temperature
increase (but smaller precipitation change), the winter river
discharge remains almost constant for all future time periods,
mainly because more precipitation will occur as rain rather
than snow and because snowmelt will start earlier due to a
warming climate.
According to the low-ﬂow analysis results (Fig. 9b), the
magnitude of the 7Q10 discharge will clearly increase for all
scenarios (e.g. a 25% increase on averaged over 10 scenar-
ios during the winter season). This behavior contradicts the
expecteddeclineinriverdischargeduetoanincreaseinevap-
otranspiration demand and a precipitation drop in the future,
but can be explained by the relative frequency distribution of
dailyprecipitationinthefuturecomparedtothebaselinetime
period. As shown in Fig. 9c, on average, predictions from the
different scenarios indicate an increased frequency of low
precipitation events in the future compared to the baseline
time period. For example, the relative frequency of daily pre-
cipitations less than 15mm increases from 85% for the base-
line time period to 93–95% for the long-term climate. On
the other hand, the daily precipitation corresponds to a 99th
percentile value decrease from 72.2mm for the baseline time
period to 25.5–30.2mm for the long-term climate. There-
fore, on a broader time scale (an average of 2 decades in this
study), we can expect regular low-level river discharge in the
future compared to the present climate. Figure 9d shows the
seasonal change in low-ﬂow events compared to 7Q10 es-
timations for the baseline time period. While the predicted
low-ﬂow events during autumn and winter remain relatively
unchanged, a signiﬁcant increase in low-ﬂow events can be
observed for the spring and summer seasons, which further
intensify from the short-term climate to the long-term cli-
mate by the end of the 21st century. For example, the an-
nual low-ﬂow events, on average, will increase by 16 and 15
days during the spring and summer seasons, respectively, in
the long-term climate in comparison to the average for the
baseline period. Therefore, according to the results shown in
Fig. 9b and d, we can conclude that, even though the mag-
nitude of the minimum river discharge increases under the
changing climate, variations in water discharge can increase
signiﬁcantly, leadingtoafuturewithregularlow-ﬂowevents.
3.4 Shift in river discharge timing attributed to earlier
snowmelt
Because much of the spring river discharge is produced by
snowmelt (53% according to the simulation results shown
in Fig. 5), a shift in river discharge timing is a clear indica-
tor for investigating climate change impacts in mountainous
climates. For this study, the winter-early spring center of vol-
ume, which is deﬁned as the Julian Day when half of the total
river discharge from January to May has occurred (WSCV),
was used to evaluate the river discharge timing for the base-
line and future time periods (Zion et al., 2011; Hodgkins and
Dudley, 2006). Figure 10 depicts the change in WSCV from
the baseline climate to the end of the 21st century. On av-
erage, the results from 10 scenarios indicate a slight delay in
the WSCV date in the short-term climate due to the predicted
increase in snowfall in January and February (Fig. 8) and no
signiﬁcant change in temperatures compared to the baseline
climate. In contrast, for the mid-term climate and long-term
climate, a signiﬁcant change in river discharge timing can be
expected, which according to the average of all GCM sce-
narios studied, may shift the timing of river discharge to oc-
cur 6 to 12 days earlier than in the baseline climate. This
shiftinWSCVrepresentsanintegratedresponseofthecatch-
ment to the signiﬁcant variations in temperature and precip-
itation during the mid-term climate and long-term climate
(Figs. 6–8).
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4 Conclusions
The European Alps are a mountain range subject to the dom-
inant inﬂuence of climate change. Thus far, the Tagliamento
River in Italy has not experienced drastic modiﬁcations but
is likely to be vulnerable to a changing climate. This study
therefore used 10 GCM scenarios for three future time peri-
ods to evaluate the hydrological response of the Tagliamento
Riverforprobablevariationsintemperatureandprecipitation
patterns.
The snow and glacier areas mapped by the Landsat im-
ages indicate that 46% of the catchment area is generally
occupied by snow cover during the winter and that the snow
cover starts to disappear from low-elevation areas to the top
of the catchment at a rate of 15157×exp−0.32(Team). The
winter temperature in the study area is close to the melting
point (2.1 and 1.0 ◦C near the catchment outlet and in high-
elevation areas, respectively), and thus, the natural states of
snowfall and snowmelt processes are more vulnerable un-
der a changing climate. When all GCM model scenarios
were taken in to account, a consistent warming trend was
observed, beginnings with a relatively minor change in the
short-term climate (0.1 and 0.3 ◦C when averaging all sce-
narios for the minimum and maximum temperatures, respec-
tively, for 2011–2030) and becoming as large as 2.3 (0.6–
3.7 ◦C) and 2.7 ◦C (1.0–4.0 ◦C) for the minimum and max-
imum temperatures, respectively, by 2080–2099 compared
to the baseline climate (1991–2010). Notably, the warm-
ing rate during the winter and autumn seasons will always
be high and persistent, thereby hampering the cold environ-
ment needed for snowfall. In terms of snowfall, much larger
changes can be expected in low-elevation areas than in high-
elevation areas. For example, the exponential rate of frost
day decrease for 1 ◦C winter warming at lower-elevation ar-
eas is approximately three-fold (262%) higher than that in
higher-elevation areas. As such, snowfall in higher-elevation
areas will decrease by 48–67% by the end of the 21st century
(2080–2099) compared to the baseline climate, but the lower
elevations are more likely to go without signiﬁcant snowfall
(a 79–100% decrease compared to the baseline climate).
Despite the fact that 90% of the scenarios predicted a de-
crease in winter precipitation, the river discharge will re-
main relatively unchanged for the winter months until the
end of the 21st century due to an enhanced hydrological cy-
cle caused by the warming climate. Consequently, the river
discharge for all other months will decrease with the high-
est predicted reduction as large as 59% in October for the
2080–2099 period compared to the baseline river discharge.
The low-ﬂow analysis indicated that the magnitude of the
minimum river discharge will likely increase (e.g. a 25% in-
crease in the lowest 7-day average river discharge with a 10-
yr return period during the winter season in the 2080–2099
time period compared to the baseline time period), which is
attributed to the early snowmelt and an increased frequency
of low precipitation events. Meanwhile, the annual low-ﬂow
events, on average, will increase by 16 and 15 days during
the spring and summer seasons in the 2080–2099 time pe-
riod, respectively, compared to the average for the baseline
period. These results reveal that in addition to the decrease
in river discharge volume over 9 months of the year, varia-
tions in river discharge may cause an uneven temporal distri-
bution of the water in downstream areas. Moreover, a consis-
tent shift in river discharge timing would eventually result in
snowmelt-generated river discharge occurring approximately
12 days earlier during the 2080–2099 time period in compar-
ison to the baseline climate. Such changes may cause the
reservoir systems downstream to ﬁll and release water ear-
lier than usual, leading to a water shortage during the sum-
mer for water supply and agricultural purposes (Matonse et
al., 2011).
In addition to the direct and indirect impacts on socio-
economic sectors such as agriculture, industry, hydropower
and tourism, the long-term impacts on the natural environ-
ment could be signiﬁcant. The decrease in snow cover dura-
tion and the warming climate may produce an increase in the
length of the vegetative season, resulting in more water lost
to transpiration. From an ecological point of view, mountain
trees and animal species may shift to higher-elevation areas
(Parry et al., 2007; Sandvik et al., 2004). As such, the impact
level may vary from genetic adaptation to habitat and species
diversity to, in an extreme case, species extinction. More-
over, increasing air temperatures and early snowmelt may in-
crease the water temperatures in streams, lakes and wetlands
and may have a dramatic effect on the ecological balance of
these ecosystems. Water temperatures in surface ecosystems
are highly sensitive to surface air temperature changes and
may exceed the upper thermal limits of some species in the
summer without adequate cool water supplies from ground-
water discharge (groundwater is generally cooler than sur-
face water in warmer months) and river water supplies (Gu-
nawardhana et al., 2011). Therefore, the combined effects of
surface air temperature changes (a 0.4–5.0 ◦C change during
summer in the 2080–2099 time period compared to the base-
line time period), early snowmelt, regular low-ﬂow condi-
tionsandincreasedvariationsinriverwaterdischargemaybe
problematic for the protection of aquatic ecosystems under a
changing climate.
Finally, it is worth noting that our results are capable
of addressing only the long-term trends of climate and as-
sociated hydrological regimes with certain levels of uncer-
tainty because, in addition to the temperature and precipi-
tation, changes in other climate parameters, such as solar
radiation, relative humidity and wind speed, are important
for snowmelt estimations. However, the data availability for
mountainous regions over long periods of time is a major
constraint in using detailed energy balance models for cli-
mate change studies. Furthermore, the use of many GCM
parameters may eventually increase the uncertainty of the
ﬁnal output (Salathe et al., 2007). Moreover, the range of
the predicted impact is dependent on the number of GCM
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scenarios used for the analysis and on their performances in
capturing the local-scale climate. In particular, the GCM pre-
cipitation incorporates a high level of uncertainty when com-
pared with local-scale precipitations in mountainous areas.
Therefore, it is preferable to consider a range of models and
scenarios instead of relying on a single forecast. The dense
weather station network combined with the 10 GCM scenar-
ios selected in this study is expected to simulate the future
climate at the local scale with reasonable accuracy. There-
fore, our results will be applicable for developing new water
management strategies in the Tagliamento River basin under
changing climate conditions.
Appendix A
The mathematical model for the water exchange between the
tanks and daily runoff generation
Rx,n =

A(x)×[H(x,n)−Z(x)] H(x,n) >Z(x)
0 H(x,n) ≤Z(x)
(A1)
I(x,n) =B(x)×H(x,n) (A2)
H(x,n+1)

H(x,n)−[R(x,n)×1t]−[I(x,n)×1t]
H(x,n)−[R(x,n)×1t]−[I(x,n)×1t] (A3)
+[T(n+1)×1t]x =1
+[I(x−1,n)×1t]x 6=1
T(n) =P(n)+SM(n)−Evt(n) (A4)
Q(n) =
4 X
x=1
R(x,n) (A5)
where
x: number of tanks counted from the top
n: number of days from the beginning (1/d)
1t: length of the time step
A(x): runoff coefﬁcient of the xth tank (1/d)
B(x): inﬁltration coefﬁcient of the xth tank (1/d)
H(x,n): water depth in the xth tank on the nth day (mm)
Z(x): height of the runoff hole of the xth tank (mm)
R(x,n): runoff from the xth tank on nth day (mmd−1)
I(x,n): inﬁltration in the xth tank on the nth day (mmd−1)
T(n): total input to the ﬁrst tank on the nth day (mmd−1)
P(n): precipitation on the nth day (mmd−1)
SM(n): snow-melt on the nth day (mmd−1)
Evt(n): evapotranspiration on the nth day (mmd−1)
Q(n): total runoff on the nth day (mmd−1)
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